Abstract Expansion joints play an important role in refractory linings as they reduce stresses during heating. It is therefore necessary to take them into account in a mechanical analysis. In the case where the lining is a masonry construction (made up of bricks), it would require an excessive number of elements to model each brick and joint. The proposed solution is to replace the masonry with a material that has the same behaviour (or very near) as masonry. Since it is dif cult to perform experimental tests on a set of bricks (to identify the parameters of the equivalent material), these loads were simulated on an elementary cell using a model developed at a local scale (scale of the components, bricks and joints). At this scale, the joints are represented as contacts (with normal and tangential behaviour). The parameters of a simpli ed equivalent material were obtained by an inverse identi cation. This model was validated by a thermomechanical test on a real structure.
INTRODUCTION
Refractory linings protect metallic structures from the hot products they contain, such as burning coal (850¯C) in coalred power plants [1] , or liquid steel (1650¯C in steel ladles) in the steelmaking industry [2, 3] . Owing to the difference in thermal expansion coef cient between steel and refractory materials, signi cant stresses appear in the refractory (during heating) that can lead to the failure of the linings. Finite element analyses of the global structure can assist a design that decreases these stresses [4] [5] [6] [7] . In some cases, like the wear layer (which is in direct contact with the liquid steel) of a steel ladle, the refractory lining is made of brick masonry (Fig. 1 ). If this masonry is modelled as a continuum with the behaviour of brick material, the calculated stresses will be overestimated. Indeed, at the beginning of heating, the joints between bricks (Fig. 1) will close owing to thermal expansion, without the stress increasing. Therefore, it is very important to take these joints into account in the analysis.
Many studies have modelled the behaviour of masonry in civil engineering [8] [9] [10] [11] [12] . They use different homogeniation techniques, but almost all concern masonry with mortar between the bricks at room temperature. A few studies (references [13] and [14] , for example) concern masonry containing joints without mortar. The aim is to develop a model for this type of masonry that can be used at high temperature.
Since using the nite element method would require an excessive number of elements to model each brick and each joint of the masonry (the number of bricks is too large), the approach developed in this study is to replace the masonry with a material that will have a behaviour equivalent to that of a set of bricks. To identify the parameters of this equivalent material, an approach using different scales (Fig. 2) was used. Indeed, to obtain the mechanical and thermal characteristics of the equivalent material, it is necessary to perform tests, at different temperatures, on masonry: compression, tension and shear, for example. However, these tests are very dif cult to perform, particularly for temperatures different from room temperature, owing to the size and complexity of the masonry. Therefore, the idea is to simulate these different loads on a representative elementary cell with a model de ned at a lower scale (called the local scale), that is, the scale of the elementary components (bricks and joints). The advantage of this approach is that only the behaviour of bricks and joints is necessary, and it is easier to perform tests on a brick or a joint than on a set of bricks. The model presented here is a rst approach, in two dimensions, with a simpli ed equivalent material. 
BEHAVIOUR MODELLING OF THE ELEMENTARY COMPONENTS
The elementary components of masonry are bricks and joints. This section describes their modelling. The studied masonry is made up of red bauxite bricks (section 200 6 100 mm 2 ).
Brick behaviour
As a rst approach, for simplicity, the brick behaviour is assumed to be isotropic and linearly elastic. The mechanical parameters are obtained by a compression test. The parameters are: Young's modulus 7000 MPa; Poisson's ratio 0.2; coef cient of thermal expansion 7 6 10 76 K
71
.
Joint behaviour
The joints are modelled by a contact between two solids separated by a distance (clearance) corresponding to the thickness of a joint. For this model, it is necessary to obtain the joint thickness, the normal contact behaviour and the tangential contact behaviour (given by a Coulomb friction model).
Tangential behaviour
The tangential behaviour is given by a Coulomb friction model (veri ed experimentally). The friction coef cient is measured using two bricks put on an inclined plane which makes it possible to determine the initial angle of sliding. A friction coef cient of 0.75 is obtained for bauxite material.
Normal behaviour
The normal behaviour gives the evolution of contact pressure versus clearance between two bricks. This pressure is equal to zero when the distance is higher or equal to the joint thickness, and is maximum when the distance is zero. To obtain the complete law (between these two extreme values), a compression test was performed on two superposed bricks. The obtained force-displacement curve (Fig. 3 ) has two parts, the rst (non-linear) corresponding to joint crushing, the second (linear) to brick stiffness. It is possible to estimate the joint thickness with this curve by considering the intersection of the linear part (corresponding to the brick stiffness) with the abscissa axis (see Fig. 3 ). A value of 0.11 mm is obtained.
The normal contact law is identi ed using an inverse method. The principle is as follows. The load compression on two bricks in contact is simulated by nite elements using a normal contact law with initial parameters. An error between the experimental and simulated curves is de ned. This error is minimized, and the parameters optimized, using the Levenberg-Marquardt optimization algorithm [15] [16] [17] [18] . This method is iterative (Fig. 3) . Table 1 shows the result of the inverse identi cation.
Optical measurements
The previous paragraph gives a global measure of the joint crushing. However, optical measurements ( Fig. 4) can provide local information on this joint closure. Several images of the joint are taken with a camera at different moments of the compression loading on two bricks. A method of image correlation [19] [20] [21] allows the displacement eld to be determined (Fig. 5a ). The displacement difference between the two bricks at the joint level gives the joint crushing versus applied load. Figure 5b shows the result for measurements performed at three different points of the joint. The relative dispersion of the curves shows that joint crushing is not only due to roughness crushing but also to brick shape defects (lack of atness or parallelism of the faces). Additionally, during building, some bricks are not perfectly placed in the masonry, leading to another origin of joint opening. All these defects must be taken into account in determining the initial joint thickness in real masonry without mortar.
EQUIVALENT MECHANICAL MATERIAL BEHAVIOUR
The aim of this section is to determine the mechanical characteristics of a material that will have an equivalent behaviour to masonry. For this, it is necessary to obtain the behaviour of a set of bricks, using the local model (of bricks and joints) described above.
Load simulations on the elementary cell
Using the joint and brick behaviour described in section 3, it is possible to simulate the behaviour of a representative elementary cell (REC). This cell is shown in Fig. 6 . It represents the periodicity of the structure and has no joints on its edges (otherwise the contact cannot be handled). Several loads are analysed:
(a) compressions in directions 1 and 2; (b) shears in directions 1 and 2 under transverse compression; (c) tension in direction 1 under transverse compression (tension in direction 2 is not analysed since the stiffness is zero).
Simulations of compression loads in directions 1 and 2 ( Fig. 7) show that the behaviour is non-linear in the rst step of joint closing, then becomes linear when the joints are closed. The two curves (in the compression direction) are different because there are twice as many joints in direction 2 than in direction 1. A tension load can only be performed in direction 1 (in direction 2, the stiffness would be zero) when a compression load is applied previously in direction 2 (Fig. 8) . Furthermore, the value of this transverse load has an important in uence on the surface of the tension cycle (loading and unloading, Fig. 8b ). The following can be observed: 4. A fourth part, also horizontal, corresponds once again to sliding (this fourth part is not symmetric with respect to the second part because the sliding begins at a different displacement owing to the different transverse forces (RF2, Fig. 8b ) for loading and unloading).
The simulations of shear loads must also be performed under transverse compression. The shear load is obtained Fig. 9a ) or in direction 2 (Fig. 10a) . The results are different (Figs 9b and 10b) because it is the response of a structure and not the response of a simple material. Furthermore, initial stiffnesses for the same test with different transverse compression values are different. These two points will increase the dif culty of identi cation of a continuum equivalent material for which the shear modulus G 21 is necessarily equal to G 12 . During these shear loads, one can observe a hysteresis due to sliding, as in tension (but smaller).
Simpli ed equivalent material
A rst simpli ed equivalent material is proposed. An orthotropic, elastic and non-linear behaviour was chosen. Two simpli cations are included:
1. Possible sliding between bricks (which is the origin of inelastic behaviour) is not taken into account. speci c heat, thermal expansion) are taken, in a rst approximation, to be equal to those of bricks.
The nal results are given in Table 2 . Since zero values for the Young's and shear moduli are not accepted for a nite element analysis, they are replaced with a very small value (1 MPa).
To determine if a joint is open or closed, a stress criterion is used. In direction 2, owing to the fact that the joints cut the entire length of the elementary cell, the stress necessary to close these joints, s 2 , is independent of the joint state in direction 1. On the other hand, the stress necessary to close the joints in direction 1 depends on the joint state in direction 2. This stress is denoted by s The values of these different stress thresholds are determined by the inverse method applied on two compression loads, using the slope changes of the transverse behaviour curves in both directions (see Fig. 11 The simulations of compression, tension and shear loads with this simpli ed model allow an appreciation of its domain of validity. The compression simulations in both principal directions (Fig. 7) show a good agreement with the curves obtained on the elementary cell. The only difference is located in the rst non-linear part which is not reproduced by the equivalent material, because the joints are either open or closed, without intermediate cases.
As regards tension load simulations (Fig. 8) , the model only predicts the rst linear part corresponding to a step without sliding. This represents a limit of validity of the model. The shear simulations (Figs 9 and 10 ) show that the model gives a result that is not too far from the elementary cell despite a relative dispersion of the curves obtained on this elementary cell.
Since this model will be used to simulate temperature effects, a thermal load was then simulated on the elementary cell, and with the equivalent material. It is a uniform temperature load that evolves from 20 to 400¯C, applied on the elementary cell with xed edges. Comparison of force evolution on the edges, in both directions, shows a good agreement of the simpli ed model with respect to the elementary cell results (Fig. 12) .
VALIDATION

Thermomechanical test
A thermomechanical experimental test was conducted by the Sollac company [22] (Fig. 1) . It concerns a cylindrical metallic structure (diameter 2 m, thickness 30 mm) with a at bottom covered by masonry ( red bauxite bricks) (see Fig. 13 ). The metallic structure and masonry are separated by a castable joint 30 mm thick. This structure represents, with a little simpli cation, the bottom of a ladle in the steelmaking industry. The top of the at masonry is submitted to a uniform thermal loading (50¯C/h) up to 1500¯C. The metallic structure is cooled to 20¯C outside. Strain gauges, xed to the external face of the metallic structure at points A, A 0 , B and B 0 , make it possible to determine the hoop stresses (Fig. 14) . Anisotropy of the results in both directions can be observed.
Simulation
The above test was simulated in two dimensions (with plane stresses), replacing the masonry with the simpli ed equivalent material. Only one-quarter of the structure was studied (simulation with the equivalent material) and isotropic simulation (without joints) (owing to symmetry). For simpli cation, the steel, castable joint and masonry are perfectly linked. Two problems appear in this very simpli ed analysis:
1. What temperature eld must be prescribed in two dimensions while the real eld is three-dimensional (the temperature is not constant through the brick thickness)? 2. How to take into account the fact that some voids remain between the masonry and the castable joint (see Fig. 13 ) owing to the rectangular brick shape, while the equivalent material is completely in contact with this joint?
The steady-state temperature eld that was chosen is the one at the top of the bricks (which seems to be the best two-dimensional eld, see the three-dimensional simulations of ladles in reference [7] with real thermal loading and heat transfer): a temperature of 1500¯C is prescribed on the masonry and the castable joint, and 20¯C on the external face of the steel structure (so the temperature decreases linearly through the thickness of the steel).
The voids between the bricks and the castable joint were taken into account in giving a very soft behaviour to the castable material. Its Young's modulus (30 MPa) was determined so that an isotropic simulation (linear isotropic behaviour of the equivalent material) gives the stiffness of the test (see Fig. 14) .
The simulation performed with the equivalent material ( Fig. 14) predicts some experimental results: (a) a stress level lower than that for an isotropic simulation (with brick behaviour, without joints) showing the in uence of the joints; (b) an anisotropic behaviour between directions 1 and 2 owing to there being twice as many joints in direction AA 0 as in direction BB 0 .
The difference observed between numerical and experimental curves at point A may be explained by the simplicity of the numerical analysis (in two dimensions), and also by the elastic behaviour taken for the brick material (which becomes viscoelastic for high temperatures).
CONCLUSIONS
To take into account the effect of joints in refractory masonries, the masonry is replaced, in a nite element analysis, with an equivalent material. A rst simpli ed model in two dimensions was presented. The material behaviour is orthotropic, elastic and non-linear, depending on joint opening or closure. Its parameters were identi ed, by an inverse method, from different loads simulated with the help of a component model (bricks and joints). This rst multiscale approach was validated by a thermomechanical test on a structure containing at masonry. The advantage of this simpli ed model is that it can be easily used in industrial conditions, and gives relatively accurate results in the case of only slight sliding between bricks.
In the future, the model will be improved and extended in the following directions:
(a) three-dimensional modelling; (b) progressive closure of joints (progressive evolution of Young's modulus versus strains); (c) consideration of sliding (which can be modelled by a perfect plastic behaviour); (d) cylindrical masonries (not at); (e) application to a real structure, such as a steel ladle (with at and cylindrical masonries).
